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). Interestingly, these two isoforms were not detected in isolated nuclei; however, a large band representing the other two isoforms (AUF1 p42 , AUF1 p45 ) was present in nuclei and increased ϳ35% following chronic training. Altogether the current data provides evidence that mitochondrial biogenesis occurs in the presence of increased CUG-BP1 and AUF1, suggesting that reductions in known mRNA destabilizing proteins likely does not contribute to exercise-induced mitochondrial biogenesis. mRNA stability; mitochondrial biogenesis; AUF1; PGC-1␣ A WELL-CHARACTERIZED OBSERVATION following chronic exercise training is an increased mitochondrial content in skeletal muscle (14, 15, 19) . The increased mitochondrial content is thought to result from transient increases in mRNA content following bouts of exercise (34, 36, 44) . A key component of mitochondrial biogenesis is the coordination between the mitochondrial and nuclear genomes (as reviewed in Ref. 18) . While the molecular mechanisms regulating mitochondrial biogenesis have not been fully elucidated, in recent years it has become apparent that the nuclear encoded transcriptional coactivator peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣) is a key regulator of this process (10, 17, 23, 38, 41, 42, 47) .
Over the past decade numerous signals provoked by environmental stimuli and/or cellular stress have been identified as potential mechanisms that induce mitochondrial biogenesis (as reviewed in Ref. 18 ). In skeletal muscle, the molecular mechanisms stimulating mitochondrial biogenesis are activated immediately after a single bout of exercise (33, 34, 37) , a process that appears to be regulated by calcium/calmodulin kinase (CaMK) activated signaling (46) , p-38 mitogen-activated protein kinase (p38 MAPK) (46) , and AMP-activated protein kinase (AMPK) (22) . These signaling events are thought to regulate the subcellular location of PGC-1␣ as well as the transcriptional rate of genes coactivated by PGC-1␣, resulting in an accumulation of mitochondrial proteins, and therefore the induction of mitochondrial biogenesis.
While much research has focused on the events regulating gene transcription following exercise, scarce information exists regarding posttranscriptional mechanisms that may influence mitochondrial biogenesis. However, the stability of mRNA, and therefore the steady-state concentration of mRNA species, has been directly linked to the expression of a gene (8, 11) . In eukaryotic cells a variety of pathways involving RNA binding proteins (RBPs) have been identified that regulate mRNA stability (21) . RBPs use either AU-or GU-rich elements within the 3=-untranslated region of mRNA to influence the half-life of mRNA species (21) , which represents the balance between stabilizing and destabilizing proteins. Several RBPs have been identified; however, the best characterized include: human antigen R (HuR), which utilizes AU-rich elements to promote mRNA stability (9); AU-rich binding factor 1 (AUF1) which promotes mRNA destabilization (7); and CUG binding protein 1 (CUG-BP1), which utilizes GU-rich elements to promote mRNA destabilization (29) . Little is known about the regulatory roles of these proteins in mature mammalian muscle; however, a recent report using biological tissue variation in mitochondrial content found that the ratio of AUF1:HuR, and therefore mRNA destabilization, was associated with in vitro rates of PGC-1␣ mRNA decay (6) .
The response of RBPs following chronic aerobic exercise training remains to be determined, but a shift toward an environment promoting mRNA stabilization (i.e., an increase in HuR relative to either CUG-BP1 or AUF1) may provide an early molecular mechanism favoring mitochondrial biogenesis. Therefore, in the present study we have examined the mRNA content of PGC-1␣, HuR, AUF1, and CUG-BP1 in the quadriceps muscle of mice following an acute bout of exercise, as well as protein changes following 1 and 4 wk of treadmill training. In addition, we examined the potential for acute and chronic exercise to influence nuclear levels of HuR, AUF1, and CUG-BP1. Contrary to our hypothesis, exercise did not in-crease the mRNA stabilizer HuR, while we provide evidence that exercise increased, not decreased, the expression of CUG-BP1 and AUF1 in a temporally distinct manner.
MATERIALS AND METHODS
Animals. C57BL/6 mice were bred at the University of Guelph and housed in an animal facility with free access to standard chow and water with a 12:12 h light-dark cycle (n ϭ 40). At ϳ12 wk of age mice were randomly selected for either 1) acute exercise and recovery experiments (n ϭ 6 per time point), 2) 1 wk of exercise training (n ϭ 5 control and trained) or 3) for a 4-wk training program (n ϭ 6 control and trained). All experiments were performed in accordance with procedures approved by the University of Guelph Animal Care Committee.
Acclimatization. All mice participated in a 3-day acclimatization program to familiarize them with a motorized rodent treadmill with brushes at the rear of the treadmill for encouragement. The mice were run at 15 m/min 0% grade, 20 m/min 0% grade, and 20 m/min 5% grade, respectively, for a total of 10 min each day. Mice were allowed to recover for 3 days before experiments commenced, the quadriceps muscle was harvested for all experiments.
Acute exercise and mRNA determinants. For acute exercise studies muscle was harvested from different animals before exercise (rest), immediately after exercise (Post), and 3 h after completing exercise (3 h Post). The treadmill exercise consisted of running mice for 90 min on a motorized treadmill at 15 m/min and a 5% grade. RNA was isolated using a combination of homogenization in TRIzol reagent (Invitrogen) and purification using an RNeasy mini kit (Qiagen), as we have previously reported (35) . Individual detection of AUF1 isoform mRNA species was not possible, so primers were designed to detect all 4 AUF1 isoforms (as confirmed with the NCBI BLAST tool). Dissociation curves were run on all plates to ensure a single oligonucleotide sequence was amplified, and primer efficiency was ensured before commencing experiments. The following primer sets were used for PGC-1␣: 18S Forward 5=-GTTGGTTTTCGGAACT-GAGGC-3=, 18S Reverse =5-GTCGGCATCGTTTATGGTCG-3=; PGC-1␣ Forward 5=-CAATGAGCCCGCGAACATAT-3=, PGC-1␣ Reverse 5=-CAATCCGTCTTCATCCACCG-3=; HuR Forward 5=-AGCAATCAGCACACTGAACG-3=, HuR Reverse 5=-TTGGGC-GAGCATATGACA-3=; CUG-BP1 Forward 5=-GCTGGTCTGAA-CACACTTGG-3=, CUG-BP1 Reverse 5=-GTTCCCAGAGGAG-GCAGTC-3=; AUF1 Forward 5=-CCAACAGGTGGTGAAGCAG-3=, AUF1 Reverse 5=-TCCAATTCAGGAACTTGATAGAAAAA-3=.
Exercise training program. The training program consisted of training 5 days per week to volitional fatigue each day. Five animals completed 1 wk of training, whereas six animals completed 4 wk of training. The speed and grade of the treadmill were increased every week. The training consisted of running at the following intensities: week 1 at 22 m/min 15% grade, week 2 at 23 m/min 20% grade, week 3 at 27 m/min 20% grade, and week 4 at 31 m/min 20% grade. In all weeks, the speed was increased by 5 m/min after the first hour of running to ensure animals consistently ran for ϳ75 min. Animals were allowed to recover for 48 h and then animals were anesthetized with pentobarbitol (6 mg/kg body wt); the vastus lateralis was removed and immediately snap frozen in liquid nitrogen. Tissue was stored at Ϫ80°C until needed.
Western blot analysis. Tissue was homogenized (1 ml per sample for ϳ50 mg of tissue) for 60 s at 4 m/s (MediCorp) in cell lysis buffer consisting of 1% Triton-X, 50 mM Tris·HCl, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 10 mM sodum ␤-glycerol phosphate, 5 mM sodium pyrophosphate, 2 mM DTT, 1 mM Na orthovanadate, 1 mM PMSF and 10 g/ml of each aprotinin, leupeptin, and pepstatin A (pH 7.5). Samples were then spun at 1500 g for 15 min, and the supernatant recovered for Western blotting. Bradford Protein Assay (Bio-Rad) was used to determine protein concentrations, and 30 g of protein were loaded for all Westerns. Samples were run on a SDS-polyacrylamide gel and transferred onto a polyvinylidene difluoride (PVDF) membrane. Five markers of the electron transport chain (C-I-20, C-II-30, C-III-Core 2, C-IV-I, and C-V-a) were detected with use of the MitoProfile Total OXPHOS Rodent WB Antibody Cocktail (MitoSciences, 1:1,000). The following antibodies were also used: Complex IV subunit 4 [Invitrogen (1:30,000); PGC-1␣ (Calbiochem; 1:1,000); and (Millipore; 1:1,000)], AUF1 (Millipore; 1:500), HuR (Santa Cruz; 1:2,000), CUG-BP1 (Santa Cruz; 1:1,000), and sirtuin 1 (SIRT1, 1:2,000, Upstate). The bands were visualized with enhanced chemiluminescence (Western Lightning Plus-ECL, PerkinElmer), using a FluorChem HD2 Alpha Innotech imager. Quantification of the relative protein expression was completed using the provided software. Gels were cut before being transfered to enable multiple proteins to be detected from the same Western blot, as well as to ensure all samples were transferred and detected on a single membrane to limit variability, and Ponceau staining was used to verify constant loading.
Isolation of nuclear extracts. Nuclear extraction was performed using a commercial kit (Pierce Biotechnology, Rockford, IL) according to the manufacturer's specifications, with minor modification as we have previously reported (16) .
Statistics. All data are presented as means Ϯ SE. A nonparametric Mann-Whitney U-Test was used throughout, and statistical significance was recognized at P Ͻ 0.05.
RESULTS
Acute mRNA responses to exercise. Immediately after exercise, PGC-1␣ mRNA was increased ϳ3-fold (P Ͻ 0.05; Fig. 1 ) and remained unchanged after 3 h of recovery, similar to previous reports (9) . In contrast, exercise did not alter the mRNA abundance of HuR, CUG-BP1, or AUF1 ( Fig. 1) .
mRNA stabilizing/destabilizing proteins responses to 1 wk of training. To examine the potential of mRNA stabilizing/destabilizing proteins to regulate mitochondrial biogenesis, we next examined responses following 1 wk of treadmill training before pronounced adaptations in mitochondrial content occurred. As expected, treadmill training for this duration did not increase the total cellular content of various markers of mitochondrial content (Fig. 2 , A-F) nor did it alter the content of PGC-1␣ protein (Fig. 2 , G and H) or SIRT1 protein (Fig. 2I ). Therefore, we sought to characterize potential increases in HuR or decreases in either CUG-BP1 or AUF1, as potential mechanisms contributing to early mitochondrial biogenesis. However, contrary to our hypothesis, HuR (Fig. 3A) and the AUF1 isoforms quantified (37 kDa, 40 kDa, and 45 kDa; Fig.  3 , C-F) were not altered. In contrast, the mRNA destabilizer CUG-BP1 was increased (P Ͻ 0.05; Fig. 3B ) following 1 wk of training. mRNA stabilizing/destabilizing proteins responses to 4 wk of training. We next aimed to determine chronic changes in HuR, CUG-BP1, and AUF1 proteins after 4 wk of training. Treadmill training increased (P Ͻ 0.05) the total cellular content of various markers of mitochondrial content (Fig. 4, A-F) . Specifically, training increased the content of complex 1 subunit NADH dehydrogenase (ubiquinone) 1 ␤ subcomplex, 8 (NDUFB8), ϳ200% (Fig. 4A) ; complex II subunit 30 kDa ϳ50% (Fig. 4B) ; complex III subunit Core 2 ϳ50% (Fig. 4C) ; complex IV subunit 1 ϳ50% (Fig. 4D) ; complex IV subunit 4 ϳ50% (Fig. 4E) , and ATP synthase subunit ␣ ϳ50% (Fig. 4F ). In addition, there was a trend for an increase (P Ͼ 0.05) in the total cellular content the PGC-1␣ protein (Fig. 4 , G and H) as determined with two commercially available antibodies, while treadmill training did not alter the total cellular content of SIRT1 protein (Fig. 4I) .
Given the recent suggestion that the ratio of stabilizing/ destabilizing proteins affects rates of PGC-1␣ mRNA decay (6) , and the trends for increased PGC-1␣ protein in the current study, we next examined the content of HuR, CUG-BP1, and AUF1 proteins following 4 wk of training. There were no significant changes (P Ͼ 0.05) in the mRNA stabilizing protein HuR (Fig. 5A) or the destabilizing protein CUG-BP1 ( Fig. 5B ; P ϭ 0.13) posttraining. In contrast, the mRNA destabilizing protein AUF1 increased (P Ͻ 0.05) posttraining. Specifically, training increased the expression of two of three AUF1 isoforms quantified (37 kDa and 40 kDa; Fig. 5, C-F) . As a result, both 1 and 4 wk of treadmill training promote an mRNA destabilizing environment, as indicated by a reduced ratio of HuR/CUG-BP1 (Fig. 6A ) and HuR/AUF1 (Fig. 6B) , respectively. In addition, these ratios displayed negative Pearson correlation coefficients (P Ͻ 0.05 for HuR/AUF) with PGC-1␣ protein, suggesting that PGC-1␣ protein levels are highest in an environment with the lowest HuR/AUF ratio (Fig. 6 , C and D) and therefore the least stable mRNA. Nuclear abundance of mRNA stabilizing/destabilizing proteins in response to acute and chronic exercise. Given the unexpected finding that chronic exercise increased the apparent "destabilizing" environment, we further sought to investigate the subcellular location of HuR, CUG-BP1, and AUF1 following exercise by determining the nuclear content of these proteins. As an initial experiment we used resting muscle to show that in nuclei devoid of cytosolic contamination (i.e., LDH), HuR, CUG-BP1, and AUF1 could all be detected (Fig. 7A) . In particular, AUF1 p37 and AUF1 p40 were not detected in nuclear extracts, whereas a large band that spanned 42-45 kDa was present (Fig. 7A) . Given the presence of all proteins within the nucleus, we next determined the effect of acute exercise and recovery on the nuclear content of these targets. Similar to a lack of an acute exercise-induced increase in mRNA, acute exercise and recovery did not alter the nuclear content of HuR (Fig. 7B) , CUG-BP1 (Fig. 7C), or AUF1 (Fig. 7D) . In addition, chronic exercise training for 4 wk did not alter the nuclear content of HuR or CUG-BP1 (Fig. 7, E and F, respectively) . In contrast, the 42-to 45-kDa band corresponding to AUF1 was increased ϳ35% in isolate nuclei following training (Fig. 7G) , similar to the observed increase in total cellular AUF1 protein.
DISCUSSION
Altogether the current data provides evidence that exerciseinduced mitochondrial biogenesis occurs in the absence of total cellular or nuclear increases in the mRNA stabilizer HuR. In contrast, mitochondrial biogenesis occurs in the presence of increased expression (CUG-BP1 and AUF1) and nuclear content (AUF1) of known mRNA destabilizers.
Posttranslational modifications, and specifically the previous finding that rates of mRNA decay influences steady-state mRNA concentrations and ultimately the expression of a gene (8, 11) , provide additional regulation that may influence the expansion of mitochondrial volume observed with training. Despite the apparent importance of mRNA stability, a paucity of literature exists regarding the malleability of this system in response to exercise. However, a recent report has suggested that the in vivo ratio of HuR/AUF1 directly regulates the in vitro stability of PGC-1␣ mRNA (6) . Both HuR and AUF1 utilize AU-rich binding motifs and have been shown to antagonize each other to coordinate mRNA stability (26) . While HuR and CUG-BP1 utilize different binding regions, HuR has previously been shown to antagonize miRNA-mediated repression, despite miRNA binding motifs being proximal to HuR binding sites (32) . Therefore, the apparent relationship previously suggested for HuR/AUF1 in the in vitro regulation of PGC-1␣ mRNA stability (6) may also extend to HuR/CUG-BP1, as the overall stability of mRNA likely reflects the competitive and noncompetitive balance of several stabilizing related proteins. In the context of exercise-induced mitochondrial biogenesis, an increase in these ratios, due to either increases in HuR or decreases in AUF1 or CUG-BP1 proteins, could provide a novel level of regulation. However, the data in the current study does not support a strong relationship between these mRNA stabilizing "ratios" and PGC-1␣ protein or mitochondrial content. This is exemplified by the finding that the ratio of HuR/CUG-BP1 and HuR/AUF1 display negative Pearson correlation coefficients with PGC-1␣ protein following training. HuR was constant throughout the exercise-training period, and therefore the negative correlation was entirely dependent on the increased content of CUG-BP1 and AUF1. Therefore, despite training-induced mitochondrial biogenesis, exercise creates a cellular environment promoting mRNA destabilization (increased the relative abundance of CUG-BP1 and AUF1 p37 and AUF1 p40 following 1 and 4 wk of training, respectively). Altogether, increased expression of HuR, or decreased expression of CUG-BP1 or AUF1, are not required for the induction of mitochondrial biogenesis, and therefore likely do not contribute to exercise-induced increases in PGC-1␣ protein. However, the increase in AUF1 protein following training may account for the previous observation of reduced in vitro PGC-1␣ mRNA stability following chronic muscle contraction (25) . This could result from AUF1 directly interacting with PGC1␣ mRNA or through augmenting dicer content/activity (1) .
The current data suggests CUG-BP1 protein does not regulate PGC-1␣ protein accumulation; however, it is possible that CUG-BP1 influences exercise-induced adaptations through alternative mechanisms. While the exact physiological role of CUG-BP1 remains poorly characterized, a recent study used immunopreciptation in concert with oligonucleotide microarrays to identify 613 putative CUG-BP1 targets primarily related to cell growth and apoptosis (39) . Therefore, the early increase in CUG-BP1 could potentially regulate these pathways, as opposed to mitochondrial biogenesis. However, it should be pointed out that NADH dehydrogenase (ubiquinone) Fe-S protein 2, a mitochondrial electron transport chain protein, has been suggested to be a target of CUG-BP1 (39) , and therefore the increase in CUG-BP1 before mitochondrial biogenesis remains surprising. We also provide evidence that chronic training promotes an environment affiliated with mRNA decay, because 4 wk of training increased two isoforms of AUF1 (AUF1 p37 and AUF1 p40 ). Similar to CUG-BP1, the functional role of AUF1 remains to be fully elucidated, but given the divergent temporal response to exercise training, it is likely that CUG-BP1 and AUF1 regulate different cellular responses. While overexpression and knockdown of AUF1 in HeLa cells led to expected changes in the mRNA content of known targets (decreased and increased, respectively), supporting the purported role of AUF1 as an mRNA destabilizer, these two approaches did not affect the same targets (31). These differences may reflect alterations in the relative isoform expression of AUF1 following over-and-under expression experiments, however, this remains to be determined. The two AUF1 isoforms that were increased in the current study at the total cellular level following 4 wk of training (AUF1 p37 and AUF1 p40 ) are located in both the nuclei and cytosol in various cell lines; however, in the current study we provide evidence that AUF1 p37/p40 are only located in the cytosol of mature mammalian muscle. In contrast, the two higher molecular weight isoforms (AUF1 p42 and AUF1 p45 ) are localized exclusively within the nuclei (2, 45, 49) and in the current study were increased following chronic training. Given the divergent cellular localization of the various AUF1 isoforms it is likely that the higher and lower molecular weight isoforms are regulated by distinct mechanisms. This is plausible given that both AUF1 p37 and AUF1 p40 isoforms are lacking a large domain in the COOH terminus encoded by exon 7 (50). Moreover, it should be noted that AUF1 p40 contains two phosphorylation sites within a region encoded by exon 2 that are not present within AUF1 p37 (45) . After transcription, AUF1 is spliced into four isoforms (43), of which it has been hypothesized that the AUF1 p42 isoform possesses the greatest biological effect (5). Unfortunately, in the current study we were unable to reliably quantify the AUF1 p42 band at the total cellular level as it was extremely faint. This is unlikely a methodological limitation, as the antibody detected all four isoforms with HeLa-positive control extracts, of which the AUF1 p42 band was the most prominent (Fig. 4C) . Furthermore, AUF1 p42 was detected in isolated nuclei from muscle. Previous research in rats has found a prominent AUF1 p42 band in skeletal muscle using the same antibody (6); therefore it is currently unclear if this represents species variability in the relative expression of each isoform. Future research examining the functional consequence and biological importance of each isoform within mature mammalian muscle is clearly warranted.
In the current study we report typical increases in markers of mitochondrial content with training (15) , and these changes were affiliated with strong trends for an increase in PGC-1␣ content; fitting with previous reports in human skeletal muscle (3, 20, 24, 34, 40) . SIRT1 is an NAD ϩ -dependent type III deacetylase, which although is not required for exercise-induced mitochondrial biogenesis (35) , has nevertheless been proposed to regulate exercise induced activation of PGC-1␣ (4). In the current study we found no change in SIRT1 protein, supporting our previous work divorcing the relationship between total SIRT1 protein and the induction of mitochondrial biogenesis following chronic AICAR administration and chronic low-frequency stimulation in rats (13) . In addition, others have previously shown that mitochondrial biogenesis ensues following training in human skeletal muscle despite unaltered SIRT1 protein (12) ; however, this is not uniformly supported (30) .
Perspectives and Significance
The present study provides evidence that exercise training increases the protein content of CUG-BP1 and various AUF1 isoforms, suggesting mitochondrial biogenesis occurs in an environment with an increased capacity for mRNA destabilization. Therefore, two potential explanations exist: 1) mRNA stabilizers/destabilizers are externally regulated to influence mRNA stability and rates of mitochondrial biogenesis, or 2) exercise induces mRNA destabilization as an initial signal to induce cellular remodelling. To date, direct evidence that HuR, CUG-BP1, and AUF1 are externally regulated, while probable, does not exist. However, it was shown in the mid-1990s that continuous muscle contraction caused a decrease in a mRNAprotein interaction that occurred in the 3=-UTR region of cytochrome c (48) . Interestingly, the molecular weight detected coincides with AUF1 (48) . Although speculative, these data may suggest that continuous muscle contraction initially [5 days; (48) ] decreases the interaction between AUF1 and mRNA to promote mRNA stability during exercise. It is likely that this regulation involves covalent modification, as opposed to changes in subcellular location, as the current data provides evidence that alterations in the nuclear content of HuR, CUG-BP1, and AUF1 do not represent a major regulatory point in the induction of mitochondrial biogenesis. In support of the second possibility, it has previously been shown using several models (i.e., denervation and muscle contraction/increased load) that protein degradation is involved in cellular remodelling and protein synthesis (27) . Indeed, in the late 1970s Millward and colleagues (28) showed that muscle contraction increased protein degradation throughout a 4-wk intervention and suggested that increased protein degradation was required Four weeks of treadmill training (4 Wk trained) also did not increase the nuclear content of HuR (E) or CUG-BP1 (F). In contrast, AUF1 was increased after chronic training (G). N ϭ 6 for all independent experiments. Data are expressed as means Ϯ SE. *P Ͻ 0.05, significantly different from resting control.
to cause protein synthesis. In this respect, a decrease in mRNA stability, as a result of increased CUG-BP1 or AUF1, could alter the balance toward protein breakdown as an initial signal to induce mitochondrial biogenesis. Clearly the role of mRNA stabilizers/destabilizers in skeletal muscle remodelling requires further investigation.
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